Abstract The aim of this study was to investigate the mechanism of cell death by photodynamic therapy (PDT) in the gastric cancer cell line MKN45 with focus on the mechanism of apoptosis. Gastric cancer cells (MKN45) were incubated with Photofrin for up to 24 h before exposure to He-Cd laser (441 nm, 1 J/cm 2 ). Cell viability was assessed by the methyl-tetra-zolium assay after exposure to light. A 95% cell death (LD 95 ) was measured with 10 lg/ml of Photofrin. DNA ladder formation and chromatin condensation were seen within 60 min. Caspase-3-like and caspase-9-like activities increased from 15 min after exposure to light. Reduction of rhodamine 123 uptake started at 30 min. Caspaseinhibitor VAD-fmk (10 mM) inhibited apoptosis, but did not influence cell viability. In conclusion, Photofrinmediated PDT in the gastric cancer cell line MKN45 induces apoptosis within 60 min, and mitochondrial damage is likely as the first event of apoptosis.
Introduction
Recently, photodynamic therapy (PDT) has been performed in some countries for the treatment of bronchial, esophageal, and bladder tumors. In 1995, the US Food and Drug Administration (FDA) approved PDT with Photofrin as a therapeutic option for the treatment of selected patients with advanced esophageal cancer. This has now expanded to many disorders including Barrett's esophagus. The efficacy of PDT is also being tested against certain nonmalignant conditions like vascular retinosis, atherosclerosis, and rheumatoid arthritis [1] [2] [3] [4] .
After a photosensitizer is administrated, it is localized at higher concentrations in cancer cells compared with normal cells [1, 2, 5] . Adequate light of appropriate wavelength can cause excitation of the photosensitizer, which then may induce tumor cell death via singlet oxygen [6] . The therapeutic potential of the photodynamic process was realized about 100 years ago [7] , and it is believed that the reactive singlet oxygen species might have an important role [6] , but detailed cellular mechanisms of photodynamic events remain to be clarified.
In 1991, Agarwal and co-workers [8] reported that PDT induced apoptosis using chloroaluminium phthalocyanine as a photosensitizer in a murine lymphoma cell line. Subsequently, PDT-induced apoptosis has been reported in many studies [9] [10] [11] [12] [13] [14] [15] . It was shown that PDT with Photofrin also induces apoptosis in carcinoma cell lines [9] . Research has shown the involvement of apoptosis as well as necrosis during PDT response. The mechanism of PDT-mediated apoptosis has received increasing attention recently. However, as yet no universal mechanism of apoptosis by PDT has been described. PDT-mediated apoptosis may have different mechanisms depending on the type of cells being treated, the type of photosensitizer being used, the light delivery protocols employed, and the time lag between photosensitizer and light treatment [1, 2] .
In Japan, this therapy was approved for early gastric cancer more than 20 years ago [16] , and Photofrin has been the only approved photosensitizer for clinical gastrointestinal cancer therapy until now. We have more than 20 patients who developed gastric cancer and were treated with PDT in our hospital. However, the precise mechanism of photodynamic action mediated by Photofrin for gastric cancer is still unknown. In this study, we investi-gated the mode of cancer cell death by apoptosis following photodynamic treatment with Photofrin.
Materials and methods

Cell culture
The following substances were obtained from the sources indicated. Cell culture medium (RPMI 1640), fetal calf serum, 0.25% trypsin with 1 mM ethylenediaminetetraacetate (EDTA), streptomycin sulfate, and penicillin G sodium, all from GIBCO BRL (Grand Island, NY, USA). Human gastric cancer cell line MKN45 was provided by the Human Science Research Resources Bank (Tokyo, Japan). The cells were maintained in RPMI 1640 without phenol red, supplemented with 10% fetal calf serum,100 U/ml penicillin G, and 100 lg/ml streptomycin at 37°C in a humidified atmosphere of 5% CO 2 and 95% air. The cells were grown in a 25-cm 2 flask.
Photodynamic treatment
Porfimer sodium (Photofrin) provided by Lederie Japan, was dissolved in phosphate-buffered saline (PBS) and added to the culture medium 24 h prior to exposure to irradiation (0-50 lg/ml). He-Cd laser light was provided by the KOITO factory (Japan). The wavelength was 441 nm and the light power of the fiber point was adjusted to 5 mW. Total energy was 1 J/cm 2 . The lightexposing time was 60 s per well of the 96-well microplates and 400 s per well of the 24-well microplates. Photofrin was washed out of the cell culture medium with PBS, and fresh medium without sensitizer was added 1 h before irradiation.
Determination of cell viability
The effect of PDT on cell viability in MKN45 cells was investigated with methyl-tetra-zolium (MTT; 3[4, 5-dimethyl-thiazoyl-2-yl] 2,5-diphenyl-tetrazolium bromide; Sigma). Cells were irradiated in 96-well microplates, after 0-96 h, 10 ll of MTT solution (5 mg MTT per 1 ml PBS) was added to each well and incubated for 3 h. Finally the 100 ll acid-isopropanol was added per well to solubize the MTT-formazan. After complete solubilization of the dye by vortexing the plate, absorbance was read on an ELISA reader (EL 340 Biokinetics Reader; Bio-Tek Instruments) at 570 nm wavelength. Cell viability (%) was expressed as a ratio of treated cells to control cells · 100.
DNA electrophoresis DNA fragmentation was assessed by DNA agarose gel electrophoresis. After cells were irradiated in 24-well microplates, cells were collected by the trypsin-EDTA. The cell suspension (10 5 cells) was pelleted by centrifugation at 500 g for 5 min and resuspended in lysis buffer. RNase A (1 mg/ml) was added to cell suspension, incubated at 50°C for 30 min, and then incubated with proteinase K (1 mg/ml) at 50°C for a further 30 min. Each test sample was resuspended in the gel-loading buffer, then 10 ll of each sample solution was loaded to a 1.5% agarose gel and electrophoresed at 100 V for 1 h. From the extraction and electrophoresis of DNA to fluorescence DNA staining, Apoptosis Ladder Detection Kit Wako (Wako Pure Chemical Industries, Osaka Japan) was used.
Investigation of morphological changes
The morphology of the nuclei of apoptotic cells was examined by fluorescence microscopy. After cell suspensions were washed in PBS and fixed by 1% glutaraldehyde for 1 h, Hoechst 33342 (1 mM; Wako Pure Chemical Industries, Osaka, Japan) was added, and the tests were observed by fluorescence microscopy.
Determination of caspase activity
Caspase activity was measured by caspase colorimetric protease assay kit (MBL, Nagoya, Japan). The assay is based on spectrophotometric detection of the chromophore p-nitroaniline (pNA) after cleavage from the labeled substrate DEVD (caspase-3) or LEHD (caspase-9). After cells were collected by the cell scraper, they were washed in PBS, and centrifuged for 1 min in a microcentrifuge. Cells were transferred for cytosolic extract to a fresh tube and put on ice, and cell lysis buffer was added. Then the reaction buffer (containing 10 mM DTT) and DEVD-pNA or LEHD-pNA were added and incubated at 37°C for 90 min. Absorbance was read on an ELISA reader using a wavelength of 405 nm. We used Z-Val-Ala-Asp-Fluoromethyl ketone (VAD fmk) (MBL, Nagoya Japan) as caspase family protease inhibitor.
Measurement of mitochondrial membrane potential
Mitochondrial membrane permeability was measured by the uptake of rhodamine 123 with flow cytometer. Hypophyllic cation like that of rhodamine 123 is taken up into the mitochondrial membrane according to the mitochondrial D w. The cells were irradiated in 24-well microplates, collected with cell scraper, and incubated at 37°C for 15 min with 10 lM rhodamine 123. After centrifugation at 1,500 g for 5 min, the cells were analyzed by flow cytometry (EPICS XL; Beckman Coulter) with an excitation wavelength of 505 nm and emission wavelength of 534 nm. The mean values of fluorescence intensity were calculated, and the results were compared between time points. The experiments were repeated at least four times, and the average values were taken.
Statistical analysis
Statistical analysis was performed using the KruskalWallis test and Mann-Whitney U-test. P<0.05 was considered significant.
Results
Determination of effective doses of light and Photofrin
First we investigated the effects of light dose and Photofrin concentration on cell death using MTT (methyl-tetra-zolium) assay. In MKN45 cell lines, the photodynamic effect was directly proportional to Photofrin concentrations ( Fig. 1) . A 95% cell death (LD95) was measured with 10 lg/ml Photofrin, 96 h after irradiation (1 J/cm 2 ) (P<0.01; Fig. 2 ). Cell toxicity was also obtained with 20 lg/ml of Photofrin. Cell viability was reduced but not significantly different at 5 lg/ml Photofrin. Likewise, at more than 20 lg/ml, cell toxicity was observed without light. We used Photofrin concentration at 10 lg/ml in the subsequent experiments.
PDT-induced early apoptosis
Apoptotic cell death was investigated by measuring DNA fragmentation and chromatin condensation. DNA fragment lengths in multiples of 185 base pairs (bp) were observed in the MKN45 cell line from 60 min after PDT. The characteristics of DNA ladders indicated internucleosomal cleavage of DNA during apoptosis. As shown in Fig. 3 , DNA ladders were not detected under Photofrin or light irradiation alone within 30 min. Fluorescence microscopy showed typical apoptotic change, chromatin condensation, and DNA fragmentation at 60 min (Fig. 4) .
Time course of caspase activity
To see if caspases are involved in the apoptosis, an inhibitor of caspase was used. After addition of the caspase-inhibitor VAD fmk (10-30 lM, 1 h before irradiation), DNA ladder formation (2 h after irradia- Cell toxicity was determined in the presence of 20 lg/ml Photofrin. As shown, cell viability was reduced but was not significantly different at 5 lg/ ml tion) was inhibited (Fig. 5) . In the absence of the inhibitor, caspase-3-like and caspase-9-like activities rose immediately within 15 min of PDT and continued up to 120 min (Figs. 6 and 7 ). However, cell toxicity (nonapoptotic) which was determined by the MTT assay was not different with or without VAD fmk (Fig. 8) .
Reduction of mitochondrial membrane potential
To see if the destruction of mitochondria precedes the activation of caspases, the mitochondrial membrane potential was examined. FCM showed rapid reduction of rhodamine 123 within 30 min after PDT (Fig. 9) . Immediately after PDT, no changes in uptake of rhodamine 123 were seen, but within 15 min of PDT, uptake was seen to go down, though a significant difference was not found. Because the uptake of rhodamine 123 was proportional to the change in mitochondrial membrane permeability, the loss of mitochondrial membrane potential (D w) was seen 30 min after PDT.
Discussion
Agarwal et al. [8] reported apoptosis caused by PDT, light plus chloroaluminium phthalocyanine in murine lymphoma LY-R and LY-S cells; the apoptosis was reported to be rapid [8] . Regarding PDT and apoptosis, reports of activation of caspase-3 and PARP [10] , activation of caspase-3, caspase-6, caspase-7, and caspase-8, and release of cyt C into cell medium [11] , and a rise in calcium [12] and ceramid into cytosol [13] are notable ). Caspase-3 is activated at 15 min. P<0.05. A marked change was not detected at 120 min Fig. 7 Caspase-9-like activity. Caspase-9-like activity was quantified using Caspase-9/Mch6 Colorimetric Protease assay (Photofrin 10 lg/ml, 1 J/cm 2 ). Caspase-9 is also activated at 15 min; P<0.05. A marked change was not detected at 120 min examples. Most of these investigators targeted lymphoma cells or HeLa cells, and photosensitizers were mainly second generation [8] [9] [10] [11] [12] [13] . Further, several reports have described that different cell lines show different susceptibility to PDT and apoptosis [14] . For example, by using 5-aminolevulinic acid as a photosensitizer and V79 cell line as a target tissue, an 80% cell death by apoptosis was seen; in contrast, only necrosis was seen when the WiDr cell line was used as target tissue [15] . Similarly, the rat mammary carcinoma MTF cell line showed rapid apoptosis by PDT while in the human prostate carcinoma PC3 cell line it was not seen [9] . These differences were explained from the point of view of p53 [17] , Bcl-2 [18, 19] , and Bcl-X [20] cell cycles [21] . Likewise, cell responses were also sensitive to the nature of the photosensitizer. In general, it is logical to assume that PDT-induced cell death by apoptosis is celland photosensitizer-specific [2] . In view of this, we investigated a gastric cancer cell line as an appropriate target tissue for PDT and Photofrin to induce cell death by apoptosis.
In clinical PDT, we use excimer dye laser at a wavelength of 630 nm (red light) and high power (4 J). The total energy was 100 J/cm 2 . Because the targets were solid tumors, the light needed to penetrate deep into the tumor tissue (a few millimeters to a few centimeters). To avoid light absorption by hemoglobin (at wavelengths less than 600 nm), light wavelengths should be longer than 600 nm. However, for porfimer sodium, its largest absorption wavelength is about 410 nm, and this represents a major difficulty in its clinical application. We chose low-output He-Cd laser blue light (441 nm) in this study, because the cell line was very thin-a monolayer of adherent cells (a few micrometers thick). The reason for choosing the MKN45 gastric cancer cell line was that this cell line is also susceptible to apoptosis by drugs like cisplatin and monochloramine [22] .
Initially, we applied the photodynamic effect to the MKN45 cell line using weak blue laser light and Photofrin. The effects of PDT were in proportion to the Photofrin concentration and light dose. Nonapoptotic cell toxicity was shown without light. This depended on not only the Photofrin dark toxicity but also on the photodynamic effects in conditions where we were not able to achieve absolute darkness. With 5 lg/ml of the Photofrin, within 2 h after the irradiation, cell death had progressed, but 24 h after PDT, cells had been regrowing, and 96 h after light exposure, no differences between control group and PDT group were seen. The fact that cell toxicity might have been partial or that MTT assay depends on mitochondrial potential could have been the reasons for living cells being underestimated. Same results were obtained by the experiments involving measurement of cell damage with the LDH assay (data not shown). Otherwise, with more than 10 lg/ml of the Photofrin, cell death had progressed 2 h after light irradiation. This cell toxicity might be due to not only early apoptosis but also late cell dysfunction.
Apoptosis is an important mechanism which is an indispensable element of growth and maintaining life. Apoptosis has three stages: induction, determination, and practice. It is induced not only with changes of physiological condition, such as stress and virus infection, but with nonphysiological signals, such as radiation, ultraviolet light, heat, and antineoplastic drugs. Genes, such as c-myc, p53, and bcl-2, control the determination process of apoptosis. In practical processes, advances are being made in the common process of degradation of specific protein by caspases and DNA fragmentation. After caspases are formed from inactive precursor proteins generated by a protease, they serve as an activity type. By the FasL/Fas system and the TNF/ TNFR system, activated caspase-8 forms a cascade through activation of caspase-3. On the other hand, activation of caspase-3 by activation of caspase-9 is shown by flux of the cytochrome C from mitochondria, and the course in which Apaf1 operates. It is reported that in activation of caspases by PDT using a lymphoma cell line or HeLa cell line, the activation of the caspase occurs at an early stage [23] . According to these reports, activation of caspase in an early stage follows discharge of the mitochondrial membrane. It is said that mitochondria are targets of PDT. Also in our experiment, the DNA ladder of 180 bp by apoptosis was shown at 60 min after PDT, and it is believed to have been the nuclear condensation and the nuclear fragment that are characteristic of apoptosis. This apoptosis is no longer seen by caspase inhibitor. Caspase-3 and caspase-9 were checked for activation at 15 min after PDT. As for this PDT, the destruction of mitochondria preceded activation of caspases, and the fall of the membrane potential of mitochondria was confirmed after PDT. This is similar to other reports which targeted mouse lymphoma cells with silicon phthalocyanine PC4 as a photosensitizer [24] . There is also a report indicating that a receptor on the mitochondrial membrane binds to Photofrin and contributes to the destruction of the membrane of mitochondria while the discharge of the cytochrome C occurred by optical irradiation [25] . In this study, we confirmed that caspases are activated rapidly during apoptosis, but the caspase inhibitor did not influence cell toxicity. We believe that this apoptosis is a form of cell death, and it depends on mitochondrial dysfunction.
In conclusion, apoptosis is a natural process through which the body rids itself of unwanted cells in particular cancers. To our knowledge, this is the first report showing PDT causing apoptosis of a gastric cancer cell line accompanied by an early fall of the mitochondrial membrane potential together with activation of caspases. This strategy can have clinical applications with gastric tissue as the target. Although PDT as used clinically can also involve apoptosis, our impression is that it is associated with a phenomenon accompanying the destruction of mitochondria.
